Introduction To determine whether an individual with C4 incomplete spinal cord injury (SCI) with limited hand functions can effectively operate a powered exoskeleton (Ekso) to improve parameters of physical activity as determined by swingtime, up-time, walk-time, and total number of steps. Case presentation A 21-year-old male with incomplete chronic (>1 year postinjury) SCI C4, participated in a clinical exoskeleton program to determine the feasibility of standing up and walking with limited hand functions. The participant was invited to attend 3 sessions including fitting, familiarization and gait training separated by one week intervals. Walktime, up-time and total number of steps were measured during each training session. A complete body composition assessment using dual-energy X-ray absorptiometry (DXA) of the spine, knees and hips was conducted before training.
Introduction
Individuals with tetraplegia account for over 50% of the entire spinal cord injury (SCI) population and over 20% have neurological injuries above C4 [1] . A recent quasiexperimental study was conducted to assess the safety and feasibility of exoskeleton gait-training in 52 individuals recruited from nine European rehabilitation centers [2] . After 8 weeks of exoskeleton training, improvements were noted in gait characteristics and no serious adverse events were observed in all subgroups. However, of the 52 subjects enrolled, no participants had a level of injury above C5. Because the current technology is not approved for those with higher levels of injury, this subsequently results in excluding over 20% of the SCI population from participating in exoskeleton locomotor training. Exoskeleton gait training may provide health benefits by promoting level of physical activity, improving cardiovascular parameters and quality of life after SCI [3] .
Physical impairment and limited mobility often result in survivors restricted to lifelong wheelchair status and at high risk of developing secondary chronic diseases [4] [5] [6] [7] [8] . These comorbidities may include psychosomatic, metabolic and cardiovascular health consequences, as well as increased socioeconomic burden after SCI [4] [5] [6] [7] [8] . The economic burden for persons with SCI and their families is increasing at an alarming rate, along with decreasing mortality as a result of medical advancement [9] . Previous interventions have attempted to improve locomotion and mobility using longleg braces, hip-knee-ankle foot orthosis, Parastep systems powered by functional electrical stimulation, bodyweightsupported treadmill training and robotic treadmills [10] [11] [12] [13] [14] [15] [16] [17] . Locomotor training has been associated with improved upper and lower body motor-strength, functional activities, psychological arousal, bowel sensation and even improvements in blood-glucose regulation [18] [19] [20] [21] . However, the main pitfall of these rehabilitation interventions is that they often require extensive energy demands and are likely to lead to fatigue for individuals with SCI. This may prevent individuals from meeting the recommended guidelines for improving physical activity.
The Office of Disease Prevention and Health Promotion (U.S. Department of Health and Human Services) recommends at least 150 min (2 h and 30 min) a week of moderate-intensity, or 75 min (1 h and 15 min) a week of vigorous-intensity aerobic activity to reduce cardiometabolic risk factors in the general population [22] .
Studies have shown that greater daily leisure-time physical activity is associated with lower risks of chronic disease in adults with SCI [23] [24] [25] [26] . Compared to the general population, two-thirds of the SCI population is considered either overweight or obese [27] . Recently released ISCOS guidelines recommended that persons with SCI should engage in at least 20 min of moderate to vigorous intensity aerobic exercise three times per week to improve cardiorespiratory fitness [28, 29] .
We have previously demonstrated that robotic exoskeleton training may improve parameters of physical activity in persons with SCI. Over the course of 10 to 15 weeks, participants walked once weekly using a powered exoskeleton (Ekso) for approximately 1 h. The report demonstrated improvements in maximum walking time, total number of steps, energy expenditure and oxygen uptake during exoskeleton training. A modest reduction in fat mass was observed in one participant following training [3] . However, all participants were capable of using assistive devices (walker or Canadian crutches) to initiate weight shifting. Failure to initiate weight shifting may preclude exoskeleton ambulation, which may be the case in persons with impaired hand functions.
The current case report demonstrated the use of powered exoskeleton in a male individual with chronic (>1 year postinjury) C4 incomplete SCI with impaired grip strength or inability to functionally extend his elbows. The purpose of the current case report is to document the meticulous screening process, device setup and overall feasibility of exoskeleton training in this unique subset of the SCI population.
Case presentation
The study was conducted as part of a clinical rehabilitation program. The data was analyzed retrospectively to determine whether an individual with higher level SCI and limited hand functions could effectively operate a powered exoskeleton. The current case report was approved by the local ethical committee at the Hunter Holmes McGuire VA Medical Center. All study procedures were conducted in accordance with the declaration of Helsinki.
An Ekso-GT powered exoskeleton was used to provide locomotion to an individual (male; age: 21 years; height: 1.86 m; weight: 81.6 kg; BMI: 23.7 kg/m 2 ) with chronic C4 AIS B (i.e. intact sacral sparing) tetraplegia. The classification was determined using the ASIA/ISCoS International Standards for Neurological Classification of Spinal Cord Injury (ISNCSCI). The sensory level was classified at C4 and motor level at C5 on both the right and left sides. For light touch and pin-prick sensation, normal score was detected up to C4 (score = 2), altered sensation from C5 to T1 (score = 1) and absent sensation from T2 to S4-5 (score F-ROM functional range of motion = 0). Total light touch sensory scores were 10 and 12 and pin-prick sensation was 10 and 6 out of 56 for right and left sides, respectively. The sacral sparing was determined by examining the perianal sensation (S4-5) and deep anal pressure. The participant was found to have a deep anal pressure and his perianal sensation was scored zero on both sides. A detailed description of the robotic device was previously published elsewhere [30, 31] . Prior to enrollment, written clearance was provided by the participant's medical doctor to ensure the subject was safe to engage in the exoskeleton program. Dual energy xray absorptiometry (DXA) scans were conducted to assess bone mineral content (BMC) of total body, knees and hips. Total T-scores less than 2.5 SD or BMD less than 0.6 g/cm 2 at the knee joints would result in elimination from the program. The participant underwent measurements of body weight and height as previously described [30, 31] . The skin was also checked for any marks or redness prior to enrollment and immediately after each training session to protect against development of pressure sores from exoskeleton training. Moreover, his primary caregiver was instructed to provide any immediate feedback about any changes in his skin coloration.
Familiarization session
The participant was invited back to the McGuire VA Medical Center to conduct a familiarization session. A patient evaluation was conducted, including an assessment of the participant's grip strength to determine if any additional assistive devices were necessary. The patient's evaluation included upper and lower extremity ROM, strength and spasticity using the Modified Ashworth Scale (Table 1) . Based on the assessment and the participants limited grip strength, a platform attachment was added to the Ekso walker and the hands were cuffed to the handles of the walker (Fig. 1) . The participant and his companion had the opportunity to ask questions to better understand the benefits of exoskeleton gait-training after SCI.
Fitting
Body measurements were taken to properly fit the subject in the device, including the following: hip width (distance between two greater trochanters), upper leg length (greater trochanter to the lateral aspect of joint line of the knee joint) and lower leg length (lateral aspect of joint line of the knee joint to the bottom of the foot) were measured to appropriately adjust the width and legs of the robotic suit. Ankle stiffness of the Ekso unit was also adjusted based on completeness of injury and the strength of the anterior tibial muscle groups (lower extremity muscle score = 0; Table 1 ).
Gait-training sessions
The participant started his first training session standing and walking in the device. Blood pressure and heart rate were monitored prior to and following each training session, and the participant was instructed to communicate any discomfort during training. The participant was transferred from his power wheelchair and into the robotic device using a mobile ceiling lift. The participant was then properly seated on top of the posterior-sling to facilitate standing, especially with limited arm strength. An assistant held the posterior sling before, during and directly after transfer to ensure appropriate standing and the participant's hips and trunk were properly aligned with the hips embedded all the way in the device, while carefully adjusting the robotic leg to ensure a tight and secure fitting.
A research assistant fit the participant's legs into the device starting with the shoe-supports (distally) and moving towards the trunk (proximally). Each leg strap was fastened securely but not overly-tightened to prevent impairments in circulation or episodes of autonomic dysreflexia or skin irritation. After each leg was secured, the abdominal support was attached to the trunk and shoulder straps fastened. The platform walker (adjusted for participant's height) was then positioned in front of the participant for standing.
The Ekso unit offers a gait training mode with a range of features. For the initial session, we used the "first-step mode" in which steps are manually controlled by the therapist, mainly to allow the participant to focus solely on maintenance of balance and posture and moving the platform walker forward with limited arm strength. An assistant was allowed to walk in front of the participant to control and pace the movement of the walker during exoskeleton ambulation. Before standing, the software was adjusted based on the recommendation from the manufacturer and to ensure a viable walking pattern/speed ( Table 2 ). The length of the session and progression in walking time was based on subject's performance and his willingness to continue. After each training session, the participant's thighs and lower back were checked for possible skin irritation that may result from shear stress during exoskeleton ambulation. As a precaution, a fabric cushion was placed against the sacral area to avoid any skin irritation.
The second gait-training session was conducted using the previous protocol, however, the "pro-step mode" was applied, which allows the stepping pattern of the robotic suit to be determined by the individual's lateral and forward weight shifting. In other words, to initiate a right step the participant must lean left and forward signaling the exoskeleton to right step and vice versa. Blood pressure (BP) and heart rate (HR) were measured before and after walking. Following each training session, swing-time (s), stand-time (s), walk-time (min), stand up time (min), and number of steps were recorded.
Result
The subject was a 21-year-old male having a C4 AIS B SCI since 2013 and used a power wheelchair for mobility. During the initial familiarization session, no steps were taken. The participant used a rolling platform walker for each of the two gait-training sessions. During the initial gait-training session using "first step mode" the subject walked a total of 83 steps for a total walk-time of 7 min and up-time of 19 min. Before starting the first training session, BP and HR were 111/77 mmHg and 69 bpm; after training BP and HR were 117/74 mmHg and 74 bpm, respectively. The participant reported minor irritation and redness of the lower back; therefore, a cushion was placed between the sacral region and exoskeleton unit for future sessions. During the following session using "pro step mode", walktime, up-time and number of steps were 17 min, 31 min and 589 steps, respectively. Total up-time and walk-time increased by 12 and 10 min from the first to final sessions. The subject initiated over 500 more steps during his final session. Swing time and stand time were 1.2 and 3.5 s, respectively. BP and HR remained within safe range and well-recovered (Pre: 88/58 mmHg and 82 bpm; Post: 122/ 82 mmHg and 60 bpm) following the second exoskeleton training session.
Discussion
The National Spinal Cord Injury Statistical Center (NSCISC) estimates there are approximately 282,000 persons currently living in the United States with SCI with an annual incidence of 17,000 new cases each year. Those with tetraplegia account for over 50% of persons with SCI [1] . Traumatic SCI often results in either a complete inability or significant limitation in the ability to walk, requiring approximately 70% of persons with SCI to use a power or manual wheelchair as their primary mode of mobility [32] . This greatly reduces the ability and likelihood of engaging in physical activity, which is an independent risk factor for several cardio-metabolic conditions including carbohydrate intolerance [33, 34] , insulin resistance [35, 36] , lipid abnormalities [37, 38] , and cardiovascular disease [39] . In fact, prolonged sitting time is an independent cardiovascular risk factor and associated with heightened mortality [40] . Tetraplegic individuals with higher levels of injuries (C1-C7) have been shown to have lower lean mass, greater fat mass and reduced bone mineral content in the upper and lower extremities, as compared to persons with paraplegia [41, 42] . These differences in body composition highlight the need for specific exercise interventions designed to increase the level of physical activity in persons with higher levels of SCI. The current case report provides initial evidence that persons with higher levels of cervical SCI may safely operate powered exoskeletons with the assistance of trained staff and additional support mechanisms (i.e. platform walker and hand straps).
The participant walked 83 and 589 steps during the first and second gait-training sessions. Though this is a fraction of the daily recommended 10,000 steps suggested to prevent cardiovascular disease [43] , the primary focus of this report was to safely fit the participant in the device, accommodate his limited grip strength and train the subject on how to shift his weight effectively to initiate stepping and maintain balance in the upright posture. Exoskeleton gait training once weekly for 15 weeks resulted in increasing the number of steps from 59 to 2284 in subjects with complete and incomplete-SCI (C5-T4) [3] . It is unrealistic for persons with motor complete SCI (i.e. AIS A or B) to attain the recommended steps per day without increasing the speed of exoskeleton ambulation. The gait speed must be adjusted according to the subjects' performance and ability to weight shift while maintaining balance. Ensuring postural balance is of paramount importance when training individuals with higher level of injuries because of limited trunk control [44] . Considering a swing-time of 1.2 s (~0.19 m/sec), a person may need to walk approximately 5 h per day to meet the recommended guidelines. This may be unlikely for those with higher level injuries, newly injured or those with limited cardiovascular capacity. Therefore, the number of steps may not be an effective measure of treatment when using exoskeleton devices; instead, oxygen uptake, energy expenditure and/or body composition assessments may provide future insights on the effectiveness exoskeleton training to combat cardiometabolic diseases after SCI.
Studies have shown improvements on spasticity, level of physical activity, bowel management and quality of life after SCI; [3, [45] [46] [47] [48] however, it is still unclear whether this emerging technology offers any benefits beyond the existing standard of care, such as a wheelchair or standing frame.
Certain aspects of exoskeletons may need to be improved to ensure more individuals can be qualified for training. Of the major brands available in the U.S., the weight of devices ranges from 26-66 lbs. which may be difficulty for some individuals with SCI to carry or lift for transportation compared to lighter wheelchairs [47] [48] [49] . Future designs should focus on implementing highly durable materials that provide less weight and allow faster speed without compromising balance.
Our findings suggest that persons with higher level cervical injuries and limited hand functions may have the potential to operate an exoskeleton, previously considered only for those with C6 and below. Studies using this technology have opted to exclude those with higher level injuries above C5, excluding over 20% of the SCI population from participating in exoskeleton locomotor training. This is likely due to the perceived risks of injury to the participant; however, we believe screening criteria (i.e. bone mineral content, ROM and medical history) should serve as an indicator of eligibility in training programs, independent of the level of injury. Future studies may benefit by being more inclusive to persons with higher level of injuries, given that the necessary trained staff and assistive devices are available.
Conclusion
Exoskeleton training may be a safe and feasible approach for persons with higher levels of SCI after effectively providing supportive assistive device to allow appropriate weight shifting. The current case study demonstrates feasibility of limited use of a powered exoskeleton in an individual with high tetraplegia (C4) and limited hand functions. Studying the effects of training on individuals with higher level injuries will provide future insights on the full applicability of this technology in persons with tetraplegia. Table 2 Software settings during the course of the exoskeleton training program
Step length (cm)
Step height (cm) 
